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STABILITY, RELAXATION, AND OSCILLATION OF
BIODEGRADATION FRONTS*

JACK X. XINT AND JAMES M. HYMAN#

Abstract. We study the stability and oscillation of traveling fronts in a three-component,
advection-reaction biodegradation model. The three components are pollutant, nutrient, and bac-
teria concentrations. Under an explicit condition on the biomass growth and decay coefficients,
we derive reduced, two-component, semilinear hyperbolic models through a relaxation procedure,
during which biomass is slaved to pollutant and nutrient concentration variables. The reduced two-
component models resemble the Broadwell model of the discrete velocity gas. The traveling fronts
of the reduced system are explicit and are expressed in terms of hyperbolic tangent function in the
nutrient-deficient regime. We perform energy estimates to prove the asymptotic stability of these
fronts under explicit conditions on the coefficients in the system. In the small damping limit, we
carry out Wentzel-Kramers—Brillouin (WKB) analysis on front perturbations and show that fronts
are always stable in the two-component models. We extend the WKB analysis to derive amplitude
equations for front perturbations in the original three-component model. Because of the bacteria
kinetics, we find two asymptotic regimes where perturbation amplitudes grow or oscillate in time.
We perform numerical simulations to illustrate the predictions of the WKB theory.
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1. Introduction. Bioremediation is a promising biological method for restoring
groundwater and soil contaminated with organic pollutants because of the advantages
of low cost and in situ flexibility. A remedial procedure typically involves the injection
of a limiting nutrient (Og, or electron acceptor) into aquifers with pollutants serving as
the substrate (electron donor), in order to generate a biologically active zone (BAZ),
where significant amounts of the indigenous bacteria grow to consume the pollutants.

Bioremediation was first systematically studied in theory and field applications
in [1], [2], then modeled numerically in [14], [13], [6], [8] among others. See [17] for
the discussions of bioremediation from the technological and practical viewpoints. The
above works showed that bioremediation is a complicated physical-chemical-biological
process involving groundwater flow (advection/diffusion), microbial growth (nonlinear
reaction), and heterogeneity (spatial variability). To extract key features of dynamics,
coherent structures are particularly helpful. More recently, the role of traveling fronts
in understanding the pollutant removal rates have been observed and analyzed in [19],
[16]. See also [7], [23] for studies of traveling fronts in spatially random porous media;
[20], [22] for variable speed spherical fronts in two and three space dimensions.

One of the basic mathematical models characterizing the essentials of a biodegra-
dation process was proposed and studied in Odencrantz, Valocchi, and Rittmann [18],
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and in Oya and Valocchi [19]:

MAS

1.1 RS, = DS,, — vS, — ,

(L.1) 1ot v (Ka+ A)(Ks +9)
MAS

1.2 A, = DA,, — vA, — :

(1.2) ¢ v T(Ka+ A)(Ks + 8)
MAS

1.3 M, = —b(M — M) +Y ,

(1.3) e = b Y T A Ks+9)

where

S: the pollutant (substrate) concentration;

A: the nutrient concentration;

M: the bacteria population or biomass;

Ry > 1: the substrate retardation factor;

D > 0: hydrodynamic diffusion constant;

v > 0: pore water velocity;

K4 and Kg > 0: half-saturation constants of nutrient A and substrate S
b and Y > 0: decay and yield constants of biomass M;

Mp > 0: natural biomass population;

~ > 0: stoichiometric constant for nutrient consumption by substrate.

The product form of nonlinearity in (1.1)—(1.3) is the commonly used Monod
kinetic. In [19] there is a constant ¢,,, the maximum substrate utilization rate, multi-
plying the Monod nonlinear terms. This constant is normalized to one in (1.1)—(1.3).

We analyze the situation in which the nutrient is injected from the left end of a
uniform tube where initial biomass and pollutants reside. The entering nutrient ad-
vects at a higher velocity v than that of the pollutant, R;'v. Hence, mixing occurs
between these two over a certain spatial domain and causes the bacteria to grow.
The growth of bacteria consumes both the nutrient and pollutants, and eventually
the three components move together to the right. Mathematically, it is convenient
to formulate the problem on the whole line, and the above process can then be de-
scribed by the motion of traveling fronts. We are thus led to consider the initial value
problem for (1.1)—(1.3) with bounded, nonnegative, measurable initial data. More-
over, (S, A, M)(0,z) — (S+,0,M;) as © — +o0o, and (S, A, M)(0,z) — (0, A_, My)
as x — —oo, where S, , A_ are positive constants, representing the input of nutrient
concentration A_ from the left into a medium with pollutant concentration S; and
biomass Mj,.

Murray and Xin [16] proved that if Ry > 1 and D > 0, system (1.1)—(1.3) always
admits a constant-speed, traveling-wave solution (S(z—cot), A(x—cot), M (x—cot), co)
satisfying the boundary conditions

(14) S(—00)=0, S(+o0)=54, A(—x0)=A4_, A(+o0)=0, M(£oo)= M,.

Defining £ = x — ¢pt, the traveling wave satisfies

(15) 0< S(&) < S+7 S/(f) > Oa 0< A(g) < A*a AI(&) <0 Vf,
. U(A_ -+ "}/S_._)
(16) Co = 7147 + ’nyS+7
(Ry —1)A_S,

(1.7 My <M< My+Y V¢ € R

A_ + ’YSJr
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We see that § is strictly monotone increasing and A is strictly monotone decreasing in
&. Moreover, the estimates (1.5)—(1.6) are independent of D. It is shown in [16] that
the viscous (D > 0) traveling waves converge to a limiting inviscid smooth traveling
wave as D — 0, satisfying the same bounds (1.5)—(1.7). As we discuss in detail in
a later section, these inviscid traveling waves can be obtained much more easily by
a phase plane analysis and they are unique up to a constant translation in . The
positive D does not change the traveling front speeds (1.6). A small positive D only
slightly enlarges the width of fronts and has little effect on the dynamics because the
system is predominantly advection-reaction. The same observation goes for the small
amount of numerical diffusion in our simulations. Hence in the rest of this paper, we
shall consider only the D = 0 limit of the system (1.1)—(1.3).

The existence of constant speed fronts does not mean, however, that they are
dynamically attracting. In general, front solutions can move at constant speeds or
time-dependent speeds (oscillatory), depending on the parameter regimes (see [19]).
It is this interesting dynamical issue that we address in this paper. The inviscid regime
D = 0 is the convenient one for carrying out the analysis, in terms of either simple
forms of traveling fronts or the front stability and oscillation.

We develop two key elements of the approach. The first is the observation that
the A and S equations can be expressed as a conservative form in the new variables
u="yR;S—A, w=~5—A. One sees at once that there is a conserved quantity of the
system, namely, the integral [u = [yR;S — A. As a direct consequence, the speed
of the traveling front is explicitly given by a Rankine-Hugoniot relation (see (1.6)
of this paper) [11]. The second element is to derive simplified two-component and
scalar models in the relaxation (large space and time) limit of the original system in
conservative form. The two-component models have more explicit front solutions and
help us gain understanding. In the nutrient-deficient (ND) regime (K4 and Kg are
much larger than Sy, A_) of the two-equation model, we make use of the conserved
quantity [ to write the two equations of (4,S) into a single damped-driven wave
equation with two distinct characteristic speeds, as long as the initial perturbation has
zero spatial integral. It is this further reduction and the resulting wave equation that
allows us to perform energy estimates and Wentzel-Kramers—Brillouin (WKB) anal-
ysis on front perturbations. The WKB analysis then extends to the original system to
reveal front oscillations that are due to biomass kinetics. The analytical findings so
obtained agree qualitatively with our direct finite-difference numerical simulations.

Even the reduced two-component system has rich dynamical properties. In the
ND regime or when K4 and Kg are not small, we observe traveling-front stability.
In the extreme ND regime (K4 and Kg tend to zero), we recover the two-equation
model studied in [19], where explicit oscillatory fronts are constructed. It is unknown
whether these oscillatory fronts persist or eventually damped for any positive K 4 and
K, which requires a more refined analysis to address.

The rest of the paper is organized as follows. In section 2 we derive two-component
models in the relaxation limit. There are two interesting regimes, the ND regime,
where fronts are stable, and the nutrient-sufficient regime, where fronts are oscilla-
tory. In section 3 we discuss explicit constant-speed traveling fronts in the ND regime
of the two-component model, as well as those in closed form in the more general two-
component model (where K4 and Kg stay away from zero). We also illustrate the
traveling front of the original three-component model (with D = 0) as a saddle-node
connection on the phase plane. In section 4 we carry out the asymptotic stability anal-
ysis on the traveling fronts in the ND, two-component model. In section 5 we perform
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WKB analysis in the small damping limit (or MyR;'(Ry — 1)~ (KaKs)™' < 1). In
the two-component model, we derive amplitude equations for small front perturba-
tions and find that front damping always exists. There is more damping to the faster
(slower) moving perturbation to the right (left) of the front than to the left (right).
In the ND regime of the original three-component model, we identify the source of
front instability by deriving amplitude equations which show that perturbations can
grow and oscillate in time in two regimes of parameters. One regime is oscillatory
and occurs when both the retardation factor Ry is large and K4 = Kg = R;o‘ is
small, where o € [3,1). The other regime shows front growth for transient time and
occurs when Y, K4 = Kg are large and Ry is close to one. In section 6 we show
numerical results of second- and higher-order finite difference methods on the two-
and three-component models. The analytical predictions in sections 4 and 5 agree
qualitatively with the numerics. Comparison of the two-equation models with the full
three-equation model show that the two-equation models approximate well in terms
of the front speed and profiles if the relaxation condition (2.17) holds. Section 7 is
the appendix for energy estimates, and section 8 contains a summary of results in the
paper.
2. Derivation of two-component models.

2.1. Conservative form of the system. Hereafter, we consider the inviscid
(D = 0) three-component biodegradation system:

(2.1) RySut+vSs = = ﬁj)‘?fis e

(2.2) Avtvde = =1 fj)‘?fi 5

(2.3) M, = —b(M — My) +Y = +AZ)/(1}S;S st
The change of variables,

(2.4) uw=vR;S—A,  w=n~S— A,

(2.5) A= A(u,w) = (Ry—1)"'(u— Ryw), S =S(u,w) =y Ry —1)" (u—w),

transforms (2.1)—(2.3) into the conservative form

(2.6) ug +vw, = 0,
(2.7 w +v((1+ R;l)w - R;lu)m =é(u—w)(u— Ryw)M/G,
MAS
2.8 M, = —b(M — M, Y
where

é=R; Ry — 1) (KaKs) ™",
A= A(u,w), S = S(u,w), and G = G(A(u,w), S(u,w)), with

(2.9) G(A,S)=(1+K;*A)(1+Kg'S)>0.
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The integral [w is conserved as (2.6) shows. System (2.6)-(2.8) is reminiscent of the
Broadwell model

(2.10) P+ mg =0,
(2.11) my + 2, = 0,
(2.12) 2e +v2my = {(v%p — 2)? — 4(2% — v®m?)}/8v2.

For discrete velocity gas motion, where v > 0 is given, see [3]. A well-known property
[4], [24] of (2.10)—(2.12) is that in the large space and time limit, the solutions converge
to those of the reduced system (2.10)—(2.11) with the variable z given by (p, m) setting
the right side of (2.12) to zero. The limit is also known as the fluid dynamic limit or
relaxation [5], [9], similar to the derivation of Euler or Navier—Stokes equations from
the Boltzmann equation in kinetic theory.

2.2. Relaxation and two-component models. Let us examine (2.6)—(2.8)
under the hyperbolic scaling x — %, t — %, ¢ — 07, suitable for studying the
behavior of frontlike solutions. The scaled system reads

(2.13) Ut + vw, =0,

(2.14) we +v((1+ R;l)w - R;lu)gg = e ¢(u—w)(u— Rpw)M/G,
1 MAS

(2.15) M, =e <—b(M—Mb)+Y(KA+A)(KS+S)).

The right side of (2.15) relaxes to its equilibrium state, or

MAS
(KA +A)(KS +S)

(2.16) —b(M — M) +Y =0,

to the leading order, provided the partial derivative of the left side to M is negative
(stability requirement for relaxation [5]). This is the case if

YA_S,

2.17 < b.
@.17) (Ka+ A)(Ks T 55)
Solving (2.16) gives

Y AS -t
2.18 M =bM, (b—
(219 (- Ewrr AT )

Similarly, the right side of (2.14) also relaxes to its equilibrium state, or
(2.19) (u—w)(u— Ryw) =0,

which has two solutions, either w = v or w = R;lu. By relaxation stability, the
partial derivative

[(u = w)(u = Ryw)M /Gl
should be negative at w = u or at w = R;lu. This means that

(u—w)(u — Rjw)]w = 2Rsw — (1+ Ry)u
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must be negative at either equilibrium. At w = w, this derivative is equal to (Ry —1)u;
at w = R;lu, it is equal to (1 — Ry)u. Therefore, w = u (w = R;lu) only if u < 0
(u > 0), which implies that

(2.20) w= f(u) =u(l — H(u))+ R;luH(u)7

where the Heaviside function H(u) = 1, if u > 0; otherwise, H(u) = 0. The final
relaxed equation is

(2.21) ur + (f(u)z =0,

with two other components given by (2.20) and (2.18). The rigorous justification of
this limiting process is discussed in [15], where strong convergence of solutions as
€ — 0 in space and time L' corresponds to the stable front regime. Equation (2.21)
is a scalar conservation law with piecewise linear and convex flux function.

We now propose a two-component model taking into account the M relaxation
(2.18) but keeping the (u,w) or (A, S) equations the same. Though simpler than the
original system, this model preserves more structures than a scalar equation in that
traveling waves are still smooth functions and not shock waves. Moreover, the two-
component model and the original system share the same relaxation limit. A special
two-component model is studied in [19] for oscillatory fronts.

We proceed with the derivation by updating the reaction term in (2.1)—(2.2) with
(2.18):

MyAS

2.22 = .
(2:22) R = R Ks T RaS+ KsA+ (1 —b 1V)AS

The reduced system becomes

(2.23) R;S; = —vS, — € 'R,
(2.24) Ay = —vA, — e YR,

We undo the scaling in (2.23)—(2.24) to recover the two-equation system:

(2.25) R;S; = —vS, — R,
(2.26) Ay = —vA; — R,

with R given by (2.22). We call (2.25)—(2.26) the general two-component model.
A solution of the two-component model is expected to be only close to that of
the original system when time is large. For early and intermediate times, they are in

general different unless the decay and yield coefficients (b, V') are large while satisfying
(2.17).

2.3. Nutrient-deficient model. There are two distinguished limits in the gen-
eral two-component model. The first limit occurs when (K4, Kg) > O((A-, S+)),
the ND regime; the second limit occurs when (K4, Kg) < O((A-, S4+)), the nutrient-
sufficient regime.

In the first limit, we can further simplify (2.23)—(2.24):

— Mb
(2.27) RySi+vS, = — g AS,
(2.28) A vdy = M pg

- KaKgs
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which will be called the ND model.
In the second limit, R tends to M,, = My(1 — b~'Y)~! times the Heaviside
function H(AS)(H =11if AS >0, H =0if AS = 0). The system becomes

(2.29) RS, = —vS; — M, sH(AS),
(2.30) Ay = —vA, —yM,sH(AS),
which has been integrated explicitly in [19] to find oscillatory traveling-front solutions

of the form (S,A) = (5, A)(z — ct,t), periodic in ¢t. The period of front temporal
oscillation T is

A (SR
2.31 T = — 41
(231) %%(A+ ,

implying that T = O(Ry) for large Ry.

Using both rigorous and formal analysis, we show that in the ND model the
constant-speed traveling fronts (available in closed form) are dynamically stable. The
formal asymptotic analysis also extends to the original three-component model to
provide information on front oscillations.

3. Inviscid traveling fronts.

3.1. Explicit fronts in two-component models. Explicit traveling-front so-
lutions of the form (ug,wo)(§), & = x — ¢t, exist in the ND, two-component model
(that is, (2.6)—(2.7) with M = M, and G = 1):

(3.1) uy + vw, = 0,
(3.2) wt+v((1+R;1)w—R;1u)x =é(u—w)(u — Ryw)M,.
The formulas are
’}/SJr + A,
3.3 -
53 a=vti
(3.4) up = —wp + (—1 + “) A
Co Co

S, —A_ Sy +A_ 1 -

(35) wo = o+ 9 + i +2 tanh <2va(’)/RfS+ + A_)"}/g) s

where 7 = Mé. Such solutions are unique up to a constant translation in £. In the
original variables (S, A) we have, in view of (2.5) and (3.3), the explicit expression of
traveling fronts of system (2.27)—(2.28):

(3.6) Ag) = A= (1 — tanh ( M, A-+7B;S, g))

2 KaiKg 2(Ry—1)
and
- & Mb A_ + "YRfSJ,_
(3.7) S(€) = 5 (1 + tanh (KAKS 2Ry — 1) & ,

where ¢ is given in (3.3). To derive the formulas (3.3)—(3.5), we substitute the form
of traveling fronts in (2.6)—(2.7) to get

(3.8) —coug + vwy = 0,
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(3.9) —cow(, + v(—R;lué +(1+ R;l)w(’)) = Y(up — wo)(up — Rywp).

Integrating (3.8) in £ and applying the boundary conditions at infinity yield (3.3) and
(3.4). Plugging (3.4) into (3.9), we get

—cowp +v(1 + R;l)w() - Ricalvw(’)

f

— 5 ((“O _ 1) wo + (” _CO> A) ((”o - Rf> wo + (“ _c°> A)
Co Co Co Co
-1 v? -1 ’
—co+o(l+R;7) - R—fco wy)

() (o v co
=9 (CO 1) (Co Rf) (w()-l—A,) <w0+ ’U—RfCoA> .

Using (3.3), the above equality becomes

CARf(yRs Sy +A)
v(yS4 + A-)

or

(3.10) wp = (wo + A-)(wo — v54).

Recall that the ordinary differential equation (ODE) (a > 0, a1 < az),

w' = —a(w—ar)(w— az),

under the boundary conditions w(—o0) = a1, w(+00) = ag, has a unique solution:

a1 + as
2 bl

1
w= §(a1 — ag) tanh <Z(a1 - a2)£> +
up to a constant translation in £. The formula (3.5) follows. We see from (3.4) and
(3.5) that the wave profiles are strictly increasing in &:
(3.11) ugy > 0, wy>0 V&
In view of (2.4), (2.5), and (3.4), we have from (3.11)
(3.12) Al <0, Sy>0 V&

The general two-component model system (2.25)—(2.26), (2.22) also has the trav-
eling fronts in closed form. In fact, it is easy to verify that (3.3)—(3.4) remains the
same and that (3.10) is replaced by

ARy (v RpSy + AL)
v(yS++A-)

where G(wg) = F(A(wp), S(wp)), where A = A(wp) and S(wp) are A and S expressed
as functions of wy using (2.5) and (3.4), and where F' = F(A, S) is

(3.13) wl =

(wo —7S4)(wo + A-)/G(w),

(3.14) F(A,S) =1+ S/Ks+ A/Ka+ (1 -b"'Y)AS/(KaK5).

Equation (3.13) can be integrated, and wg expressed in terms of the inverse of logarith-
mic functions. Details are carried out in Xin and Zhang [23], where random porosity
effects on front structures are analyzed for the two-component models.
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Fi1G. 1. Phase portrait of the system (3.20) on the (w,m) plane. The upper half of the phase
plane m > 2 is meaningful for this model and the unique connection from the unstable node (—0.1,2)
to the saddle point (0.1,2) represents the traveling front.

3.2. Phase portrait reduction of the three-component model. The traveling-
wave equations for the original three-component model read

MAySy
3.15 —Ryrco+v)Spe = — ,
(3.15) (=Breo+v)S0e K KsG(Ap, So)

M

3.16 —co+v)Age = — ,
(3.16) (—co +v) Ao VKA KsG Ay 50)

Y MALS,
(3.17) coMoe = 070 £ b(My — M),

- KaKsG(Ay, So)

where G(A, S) is given by (2.9). As for the two-component model, we use the conser-
vation form to reduce the first two equations to

ER(RyS, + A

1 I =
(B18) o= s A

(wog — vS4+)(wo + A_)M/G(wy),
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and we rewrite (3.17) in terms of wq (by (2.5) and (3.4)) as

VS A

3.19 M = b(My— M,
(3:19) coly = b(Mo = Mo) 3 e T 75,2

(wo —¥S+4)(wo +A—) Mo /G (wo).

Now (3.18)—(3.19) is a two-by-two ODE system amenable to phase portrait analy-
sis. There are two equilibria, (—A_, M}) and (vS4, Mp). Forward in &, the first one
(=A_, M,) is an unstable node and the second one is a saddle. Hence, there is a
unique path going from the node (source) to the saddle (sink) on the (wg, Mp) phase
plane.

See the phase plane portrait Figure 1 on the system

w' = —200(w — 0.1)(w + 0.1)m,
(3.20) m' = 0.2(m — 2) + 200(w — 0.1)(w + 0.1)m,

where the horizontal axis is on w € [—0.4,0.4] and the vertical axis is on m € [0, 4].
Only the part of the figure where m > 2 is meaningful for us. The orbit connecting
the unstable node (—0.1,2) to the saddle (0.1,2) is the traveling-front solution.

4. Stability of traveling fronts. We analyze the stability of the explicit fronts
in the two-component ND model. As in the Broadwell model, the analysis is done by
using the energy method [10] based on the monotonicity property (3.11)—(3.12) and
the conservative form of the (2.6). Our stability result is as follows.

THEOREM 4.1. Consider (3.1)—(3.2) with the initial data (ug + Uy, wo + Wo),
where (ug,wp) s a traveling front. Suppose that the initial perturbation (Uy, Wy) €
(H'(R"))? and that [* _ Uy(z)dz € L*(R'). It follows that [, Uy = 0. Writing
(u,w)(&,t) = (up(§)+U(E, 1), wo(§) +W(E, 1)), £ = x—ct. Then there exists a positive
number 6 depending only on (ug,wg) and the coefficients of the system such that if
[|(Uo, Wo)|lgr < 6 and that if

: 2
7 (min{yRyS,,A_})° S+A—jl Ry —1Y
256 yR;A_S, Rp(vSy — R;'A_)?

(4.1) (R —1)* <

we have unique global in time solution (U, W) € L*([0,00); (H')?). Moreover,
flim (U, W)||gr = lim ||(U,W)||p= = 0.
t— 00 t—oo

REMARK 4.1. Notice that (4.1) is independent of 4 and is invariant under the
scaling change (S, A_) — A(Sy,A_) for all X > 0. Hence, it is equally valid for
large boundary data. For any fized (S4, A—,7), (4.1) requires that Ry be not too much
larger than one. Also for any fized (S+,A—_, Ry), (4.1) implies that v be away from
zero and infinity.

To show stability, let us go to the moving-frame coordinate £ = x — cgt t = ¢, and
write (2.6)—(2.7) as
(4.2) uy — cog + vwe = 0,

(4.3) wy — cowe + v((1 + R;l)w - R;lu)g =3(u — w)(u — Ryw).

Write (u,w) as (u,w) = (ug(&) + U(£, 1), wo(§) + W(E,t)) and put (4.2)—(4.3) into

(4.4) Ui — cgUe +vWe =0,
Wi+ (v(1+ Ry ") — co)We —vR;'Ue = [(uo — Rpwo)(U — W)
(4.5) + (up — wo)(U — RyW) + (U — RyW)(U — W)].
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By our assumption, (U(£,0),W(£,0)) € (HY)? and ffo U(¢,0)d¢" € L?; it follows
from the conservation law (4.4) that

/Oo UE,t)dé=0  Vt>0.

Let ®(&,1) = [*_U(&,t)de’, so D¢ = U(€, 1), and (4.4) reads
(I)g’t — Coq)gg + UWE =0,
which gives upon integrating in &
(4.6) Oy — co®e +vW = 0.
Substituting (4.6) into (4.5) yields
(—0™ )0 — o)y + (—u ) (01 + RyY) = co) (01 — code)Be) — v} D
= ’S/(UQ — Rf'wo)(q)§ + ’Ufl(at — 0085)@)
+ "~Y(UQ — ’LUQ)((I)g + Rf’Ufl(gt — 6085)@))
(4.7) + I (®g, &1 — coPe),
where T is quadratic. Let us write (4.7) as

(9 = c006)*® +v(1 + Ry 1)(9; — coe)Pe + v* Ry e e

where

Q&) = (uo — Rpwo)(1 — cov™) + (uo — wo)(1 — cov™ ' Ry),
(4.9) P(§) = (uo — Rywo) + Ry(up — wo).

Because ¢y € (vR;l,v) and (up — Rywp), (wo — up) are nonincreasing, there is a
positive constant P = P(ug, wp) such that

(4.10) Q'€ <0, PE)=P>0.

Equation (4.8) is a damped semilinear wave equation; in the appendix we show the
decay of solutions using the energy method to complete the proof.

5. WKB analysis of front perturbations. The stability theorem of section 4
seems to be restrictive. Here we perform formal WKB analysis to show that fronts are
stable in the small damping regime for the two-component, ND model even without
condition (4.1). Similar analysis extends to the original three-component system, pre-
dicting qualitatively the occurrence of front oscillations that are due to the biomass
kinetics (namely M obeys a time-dependent ODE (1.3) and is not given by equilib-
rium 2.18). These formal results agree with our numerical experiments reported in
section 6.
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5.1. Damping in the nutrient-deficient model. Let us recall (4.8) for front
perturbation:
(8t - 0085)2<I> + U(]. + R;l)(at - co8§)<I>§ + ’UQRjjch)gé
(5.1) + 03Q(E)De + TP(€)By = —oT (B, By — o).

Since we will be concerned with small perturbations, let us omit the nonlinear terms
on the right side and consider the linear equation

L® = (9, — co0¢)*® + v(1 + R; 1) (9) — code)Pe + v° R D ¢
(5.2) + v7Q(§) P + 7P (£)P: = 0.

The first three terms of (5.2) form a wave operator and the last two terms give rise
to damping. Let us consider the small damping limit, ¥ < 1, and the WKB ansatz of
the solution as discussed by Whitham [21]:

(5-3) D&, 1) ~ a(X, 7) exp{ik(t + 7 1O(X))} + -,

where X = £, 7 = At are slow space-time scales. Note that for small 7, the unper-
turbed fronts (Ag, So) = (Ao, So)(X). The first and second derivatives of ® are

Dy ~ (Jar + ika) exp{ik(t + 77 1O(X))},
®¢ ~ (Jax +ikOxa) exp{ik(t +7'O(X))},

Dy ~ {F2ar, + 2ikTa, — k*a} exp{ik(t + 77 '0(X))},

Dee ~ {Faxx +ik¥Oxxa+ 27ikaxOx — k*O%a} exp{ik(t + 7 'O(X))},
(5.4) @y ~ {F2arx + Fikax + (Fa, + ika)(ikOx )} exp{ik(t + 1 O(X))}.
We can write (5.2) as
(5.5) @+ (v(1+R; 1) —2¢0)Pre+(co—v)(co—vR; ) Pee +v7Q(X) e+ P(X)P; = 0.

Plugging (5.4) into (5.5) and collecting O(1) terms, we have the eikonal equation

—k*a — k*a®x (v(1 + R;l) —2¢p) + (co — v)(co — vR;l)(—kQaQQX) =0,
or
1+ (v(1+ R;l) —2¢0)Ox + (co — v)(co — vR;l)@ﬁ( =0,

which factors to give
(5.6) Ox = (co— )" or (co— R;lv)*l,

showing that the phase © = (co — v) !X or (cp — R;lv)_lX. The phase velocity is
(v—cp) or R;lv — ¢ for right (faster than front speed ¢p) and left (slower than front
speed ¢p) moving perturbations. At order O(¥), we get the transport equation
2ikar + (v(1+ R;") — 2c0)(ikax + ika;Ox)
+ (Co — U)(CO — UR;I)(’L']C@X)(CL + Qikaxex)
+vQ(X)ikOxa+ P(X)ika =0,
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which simplifies to
24+ (w@+ R;l) —2¢0)Ox)ar
+ (v(1+ R;l) —2¢o + 2(co — v)(co — UR;l)@)()aX
(5.7) + (vQ(X)Ox + P(X))a = 0.
In case O x = (co — v) 7!, the coefficient of a, becomes
co— URJTI B v(l — RJTI).

vV — Cp vV — Cp

24 (vRJT1 —co+v—co)(co—v)t=1+
that of ax is equal to
v(1+R;1) =20 +2(co —vR; ') = v(l — R} );
and that of a reduces to

vQ(X)Ox + P(X)

v v—c
= <(UO — wao) 0 + (Uo - wo)(l - Col}lRf)>
Co— v
+(uo — Rywo) + Ry(up — wo)
v _
= (uo — U)O) <CO — U(l — CoV 1Rf) + Rf)
v(1 — Ry) g U
. = — —_ = -1 .
(5.8) (uo — wo) P Soy(Ry —1) v
Therefore, (5.7) reduces to
(5.9) ar+ (v —co)ax +yRs(Ry —1)So(X)a = 0.

The damping coefficient is YR¢(Ry — 1)So(X). Since Sy(X) is a monotone increasing
function from zero at X = —oo to S at X = 400, we see that for faster (> ¢o)
moving perturbation, there is more damping to the right of the front (at X = 0) than
to the left.

In case © = (¢p — R;lv)’lX , the three consecutive coefficients in the transport
equation are

1 w(l-RyY

-1
2+ (vl + Ry )7200)00—113;1 - co—vR;

v(1+ Ry = 2co +2(co —v) = v(R; ' — 1),
and

vQ(X)Ox + P(X)
= ((UO — Rywo)

co — vRJTI
+ (uo — Rywo) + Ry (ug — wo)

vV —C

O 4 (up — wo)(1 — cov_lRf)>

v(l - R;Y)

v — ¢
(5.10) = 70_1 +1 | (uo — Rywp) = 7f_1(u0 — Rywy).
Co —va Co —va
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The transport equation eventually becomes
(5.11) ar, — (co — R;lv)ax + (Ry —1)Ag(X)a =0.

Since Ay decreases from A_ at £ = —oo to zero at £ = 400, we see that for more
slowly (< cg) moving perturbation, there is more damping to the left of the front (at
X =0) than to the right.

In any event, the front perturbations always get damped in the ND model. The
larger the Ry and <, the more damping. The same analysis also shows that front
damping is always present in the general two-component model for any positive and
finite K4 and Kg.

5.2. Oscillations in the three-component model. Now let us consider the
original three-equation model, which includes the biomass kinetic effect. The conser-
vative form of the system is

(5.12) ug + vw, = 0,

_ _ - — Rpw)M
5.13 L+ R Y — Ry, = W By
( ) Wt +U(( + f )w f ’LL) (1 +KX1A)(1 +K§15)>
(5.14) M; = —b(M — M) + YASM

(Ko+A)(Ks+8)’
where € = R;l (Rf—1)"'(K4Kg)~!. Linearizing about the traveling front (So, Ay, My)
and denoting the perturbation by (S, A,m), we have the system

m
(1+ K Ag)(1+ K5'Sy)
MoK 'A
(14 K Ag)2(1+ K5'So)
MoK3'S 1 0
(14 K Ag)(1+ Kg'Sp)2

Le® + ev(ug — wo)(up — Rywp)

(5.15) -

and
AgSom

(1+ K A0)(1+ Kg'Sp)
MySyA

(14 K" Ao)(1+ K5'S0)
S Ao M,

(14+ K" Ag)(1+ K5'So)
K 'A

(14 K Ag)2(1+ K5'So)

-1
(5.16) + Ks 5 ]

my — comg = —bm +

KaiKs

+

+

_ Y MyAoSo
KaKs

(14 K Ag)(1 + Kg'Sp)2
where the operator Le is

Le® = (0, — co9¢)*® + v(1 + R; ) (9 — code)®¢ + v* Ry g ¢
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+ EMO
(1+ K" Ap)(1 + Kg'Sp)

(5.17) (vVQP¢ + PDy).
For small €, (Sp, Ag, Mp) depends on £ slowly and can be thought of as mainly de-
pending on the slow variable e£. For the coming WKB analysis, we assume that M
is a bounded function uniform in e.

Let us consider WKB ansatz of the form

O ~ a(X,7)explik(t +e TOX))} + -,
(5.18) m ~ m(X, 1) exp{ik(t + e TO(X))} +---,
where X = €€, 7 = et, and (Ay, So, Mp) depend slowly on & (through X).

At leading order O(1), the eikonal equation on O is still (5.6). The m equation
reads

Zk‘m(l — Coex) = (—b +

Y M,
Ka+ Ao)(Ks + So)

A S
5.19 — Y MyAyS + 7
(5:19) 00 0<<KA+A0>2(K5+SO> (KA+A0><K5+SO>2)

Y ApSy ) .
(KA + AO)(KS + So)

(AS + SAo)

T

which simplifies to

[ik:(l —coOx) + (b T (®a +1//1?)[£(05 + So)ﬂ "

AK 450 n AOKSS]
Ka+Ay Ks+5So|

Y Moy

(5.20) N (Ka+ Ag)(Ks + So) {

Recall that U = ®¢, W = (—v™1)(®; — co®¢); therefore,

A= (R =1)"H U = RyW) = (Ry = 1) (Rpv ™' ®; + (1 — Ryv™ ') D)
(5.21) = (ika)(Ry — 1) " (Rpv ™t + (1 — Rpv ' ep)Ox),

S=7y"H Ry - 1) MU -W)=~7" Ry = 1) (o7 @ + (1 — v o)D)
(5.22) = (ika)y "Ry — 1) '(v ' + (1 — v lep)Ox).
Combining (5.19)—(5.22), we have

o Y ApSo _
1—¢© B~ (b—
(1= c0Ox) + (ik) ( <KA+A0><K5+SO>>} "
aY M, K4S, . . .
— Ry —1)"YR 1-R e
e [KA+AO (Ry 1) (R + (1 - Ryv~lep)Ox)

ApKs

5.23 —
( ) * Kg+ 5o

VT Ry~ 1) 0 4 (10 )|

At O(e), we get the transport equation

MoKaKs(vQ(X)Ox + P(X))
(Ka+ Ao)(Ks + So)

ik| (24 (v(1+ R;1) — 2¢0)Ox)ar +
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+ (v(1+ R;l) —2co+2(co —v)(co — val)GX)aX}

m
+ v(ug — wo)(ug — Rrw
( 0 0)( 0 f 0) (1+K21A0)(1+KS_150)
MoK ' A
(14 K Ag)2(1+ K5'So)
MyKg!
(5.24) — 08 S — =0.
(1+ K, Ag)(1+ Kg Sp)?
If Ox = (cg —v) ™1, we get from (5.23) that
v N YA()SO ) _ YCLM() KASO
+ (ik) "1 (b — m = ;
(U—CO (k)™ (Ka+ Ao)(Ks + So) (Ka+ Ao)?(Ks+ So)v—co
therefore,
(5.25) vin = Y SoKaMoa

(Ka+ Ao)2(Ks + So) (1+ 252(ik) (b~ reridtitrsyy ) )
Similarly, if ©x = (¢o — vR;l)_l, we have

—YAgKsMyay™!
(Ka+ Ao)(Ks + 80)* (1= =2 (k)1 (b= el oy ) )

Notice that the terms in the first bracket of (5.24) are same as those computed
in the last subsection. Taking ©x = (co — v)~1, we get from (5.21) and (5.22) that
A= ke "G — 0. Tt follows from (5.24) and (5.25) that

v—cp’

(5.26)vim =

v(l — R;l)(v — o) tar +u(l - R;l)ax
KAKsMO vy
(KA + Ao)(KS + SO) vV — Co
(uo — wo)(uo — Rywo)Y Sy MoK 4
(1+ K3 Ao)(1+ Kg'50)(Ka + Ag)*(Ks + So)

V—C,.,\—1 YA()SO ))1
1 k b—
< (1R (0 e T
v (up — wo)(up — wao)MOKgl

5.27 - =0.
(5.27) v (14 K3 A0)2(1+ Kg'Sy)

+ (Rf - 1)2500

+ a(ik)™*

Equation (5.27) can be written as

(5.28) ar + (v —co)ax + (G4 +1i04)a =0,
where
Gd _ KAKs’}/Rf(Rf - 1)(MOS0) . KAKS’)/Rf(Rf - 1)(AOM()So)
(Ka+ Ao)(Ks + So) (K4 + Ag)%(Ks + So)
(529) + (v—co)?K3KsvR;(Ry — 1)(AgMoS3)Y (b - mm%)

2
K+ A0 (K + 502 (124 (0~ Gstiiiess) (45200
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co—v Ry(R; — 1)yK2KsY (AgMoS3)k

(5.30) 05 = 2 :
v v—c
(K AR 507 (124 (0 sl (5°)

We see that to have front oscillation or instability, we must have G4 < 0; then Oy
gives the oscillation frequency. In the case of (5.28), the advection velocity ¢ — v
should also be near zero to have steady oscillation in the moving frame. This is the
case if Ry is close to one, implying that K4, Kg > 1 to keep € small. Even if K4
and Kg are large, they balance in each of the three terms of G4 in (5.29). Near the
frontal region, we assume that Ay, Sp are of the same O(1). We further calculate

KAKs’)/Rf(Rf - 1)M050KA
(Ka + Ag)*(Ks + So)

KiKsvRy(Ry — 1)(AgMoS7) ( m)

Y
Y ApS 2\’
(Ka+ Ag)3(Kgs + Sp)? ( ( (KA—&-AO)O(KOs-l-SO)) )

where k = k(v — ¢o)"'v. For k = O(1), k = O((Ry — 1)~1). We see that to avoid
damping, we must have

Gy =

(5.31) 1

YA()SO

(5.32) b (Ka+ Ao)(Ks + So)

b—y=b—

< 0

otherwise, G4 > 0. For large Y, y is nearly KglKle. Let us now write G4 as

Gd: KiKS'ny(Rf—l)MQSQ _ yl;~
(KA + A0)2(KS + S()) k2 + b2
y(b—y) >
= AMuOR; — 1) (14 22— 9
VMO (R; >( T
o -
(5.33) A MoO(Ry — 1) b=y
K2+ (b—y)?

If we take y — b = 2b= k2 = O((R; — 1)~2), then

B b(b—y)
Ga = yMoO(Ry —1) 2(0.5b(y — b) + (y — b)?)
(5.34) = —yMoO(R; —1)O((y — b)) = —=O(yMo(R; — 1)°) <0,

giving rise to growth or growth-induced oscillation. The oscillation frequency is now
expressed as
_ Ry(Ry —1)yK3KsMoSoyk
(Ka+ A0)*(Ks + So)(k* + (b — y)?)
(5.35) = O(yMo(Ry — 1)y~ k) = O(vMo(Ry — 1)?),

which is fairly small except when My happens to be large.
This regime is observed numerically to support biomass growth during an initial
transient period (see section 6).
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Now if Ox = (¢p — vR}l)’l, combining (5.24) and (5.26), we arrive at a similar
transport equation:

(5.36) ar + (R = co)ax + (Ga+i05)a =0,

where

 KaKs(Rp —1)(MoAy)  KaKs(Ry —1)(AgMSp)

Gy =
d (Ka+ Ag)(Ks + So) (Ka+ Ag)(Kg + So)2
Y AgS coRf—v\2
(5.37) KaK3(Ry — 1) A§MoSoY (b_ (KA+A0)O(KOS+SO)> (=)
. (Ka+ Ag)2(Ks + Sp)3 i+ (b— o )2(U_CORf>2
(Ka+A40)(Ks+50) v
and where
(5.38)0, = (v —coRy)(Ry — ) KaKZAgMoyk
. . =

2 v—coR '
v(Ka+ Ao)(Ks + Sp)? (k2+(b—<m§;“>°<f<°s+so>) (— f>2)

For the advection velocity vR;1 — ¢p to be near zero, Ry > 1 is necessary. In the
meantime, to make sure that each of the three terms in G4 of (5.37) is bounded as
Ry — oo, we need to impose

(5.39) O(Ka) = O(Ks) = O(R;®), a>0, —2a+1<0.

Now, for € < 1, we must also have 2ce — 2 < 0. It follows that a € [3,1). We still use
the notations I;, l;:, y to calculate

_ KaAK3(Ry —1)AoMy y(b—vy)
G = (Ka+ Ag)(Ks + So)? (1 k2 4 (b— y)2>
B 5 k2 +b(b—y)
(5.40) = O(KAMoRy) ™= T

Now k = k(v — coRs) "', k = O(1), and k = O(1). Choosing y — b = 2b='k? = O(1),
we have from (5.40) that

(5.41) Ga=—O(K5MyR;)O(1) = —O(MoR;”) <0,

where 3 =3a—1 € [%, 2). The corresponding oscillation frequency is

( ky _
5.42 05 = O(RK3My)O | ———2—— | = O(MoR;"),
(5.42) s = O(Ry K3 Mo) <k’2—|—(b—y)2> (MoR;")
giving the oscillation period
(5.43) T =O0(My'R)).

It is interesting that (5.43) is similar to (2.31), except that the exact value of 3 is not
determined from our analysis.

The above regime is observed numerically to support temporal front oscillations
for extended times (see section 6).
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Fic. 2. An initial perturbation of the traveling fronts in the two-component model (6.1) will
quickly disappear as the wave passes over the perturbation at times t = 0,0.5,5,15.

6. Numerical results.

6.1. Nutrient-deficient model. We simulate the ND, two-equation model

R;S, — Sy = —SA,
(6.1) A — A, = —SA

on the interval [—20,20]. We use the standard second-order upwind scheme to dis-
cretize the advection terms and the Roe’s Superbee limiter to compute sharp fronts
also. See Leveque [12, Chapter 16] for details of this method. The reaction terms are
treated explicitly.

In Figure 2 (top left) we show the initial data, the frontlike profiles of A and S
with spatial perturbations which are localized oscillatory perturbations on the interval
[—15, —5] with amplitude 0.1. The parameters are Ry = 2, v = 0.2, the spatial grid
size = 0.05, and the time step = 0.025.

In Figure 2 (top right) we see that after a short evolution, at ¢ = 0.5, the per-
turbation to the right (left) of the A (S) front quickly decays away. Here the A front
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is the fast front and the S front is the slow front. This is just as the WKB theory
predicted.

In Figure 2 (bottom left) the remaining perturbation still exists at t = 5, although
weakened; however, at ¢t = 15 (bottom right), the perturbation gets sucked completely
into the fronts.

For this calculation we verified that reducing space and time steps by a factor of
two does not change the results significantly.

6.2. Three-component model. We compare the full three-component biodegra-
dation model (BM) in (2.1)—(2.3) with the general two-component equilibrium model
(EM) in (2.25)—(2.26) and the ND model in (2.27)—(2.28) for the same parameters.

In our calculations we used the fourth-order-centered finite difference method for
the spatial derivatives and a variable order, variable time step Adams—Bashforth—
Moulton method in time. The time step and method order for the time integration
method was varied to ensure that the time integration errors were below 10~6. The
number of spatial grid points was varied between 600 and 1000 to confirm that the
solutions had converged to within an absolute error tolerance of 0.001. A small amount
of artificial dissipation was included in the simulations by setting D = 0.1 x Ax.

In the first regime we study, K4 and Kg are smaller than O(A_) = O(S;) =1,
and Ry is large, consistent with WKB (5.36)—(5.42). In the examples of this regime,
we take v =1, K4 = 0.02, Kg =0.04, y=04,Y =0.1, M, =0.01, S, = A_ =1,
and D = 0; and we will vary Ry and b. We take as the initial data

(6.2) S(x,0) = %5; (1 — tanh [41(9: - 50)]) ,

(6.3) A(z,0) = A_(S; — S(x,0)),

and M(z,0) defined from the equilibrium by (2.18) when the solvability condition
(2.17) is satisfied and M (z,0) = M, otherwise.

In Figure 3 the solutions of the BM, EM, and ND are plotted at three time
slices (t = 0, 400, 800) with waves moving to the right. Although the speeds are
approximately equal (Figure 4), the profile of the solution of the ND model is much
steeper than those of the other solutions. Note how the equilibrium M in Figure
3(b) closely tracks the M from the full three-equation model in Figure 3(a). Equally
important is that the broad S and A profiles of the EM are much closer to those of
the BM than the corresponding M profiles.

The solution of the ND in Figure 3(c) quickly converges to the traveling wave
(3.4)—(3.5), exyp = 0.15556, confirming its strong stability. The profiles are signifi-
cantly different from the broader traveling-wave profiles of the two-component EM
with the traveling wave velocity cgpr = 0.15525 (Figure 3(b)) or the BM, with trav-
eling wave velocity cpp = 0.15525 (Figure 3(a)). The difference in profiles is not
unexpected, since both K4 and Kg are small (away from ND regime). Even though
ND solutions are much steeper, they move at the same speed.

The velocity plots (Figure 4) show the relative rates of convergence to the traveling
wave. The BM solution converges more slowly and oscillates about the traveling-
wave velocity before settling down. The parameters above are near the limit of the
solvability condition (2.17) with

YA_S,
(Ka+A_)(Ks+54)

where we expect the two models to be close.

(6.4) 01=b> = 0.09427,
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Fic. 3. The solutions of the three-equation model BM (a), EM (b), and ND (c) are plotted at
three time slices (t = 0, 400, 800) with waves moving to the right. The solid curves are for A, the
dashed curves are for S, the dot-dashed curves are for M, and the horizontal dot-dashed lines denote

the background biomass My. The biomass M is magnified ten times so as to be seen on the same
scale as the (A, S) profiles.

If b is made slightly smaller, the oscillations persist in the solution of the three-
equation model and the solution becomes periodic. In this regime, the two-equilibrium-
component model is no longer appropriate; however, the ND can still keep track of
the mean value of the front velocity of the full three-equation model (in calculations
not shown here).

When we reduce b to b = 0.02, the solution of the BM quickly converges to the
periodic limit cycle shown in Figure 5. The biomass profile is right after the A profile
at t = 300, lags behind at ¢ = 320, catches up, and overtakes the front, only to lag
behind again at ¢ = 380. Figure 6(a) shows front locations in the reference frame of
the ND traveling wave velocity, cyp = 0.15556. The acceptor front A (solid line)
oscillates less than the substrate S (dashed line), and both are ahead of the peak
of the biomass M (dashed-dot line). These conditions are also evident in Figure 6(b)
where the front velocities, A velocity (solid line) and S velocity (dashed line), oscillate
about the traveling wave speed cyp (dotted line).
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F1G. 4. Front velocity of A (solid line) and S (dashed line) vs. time for the BM (a) and
EM (b) models with b = 0.1. The initial velocities quickly converge to a traveling wave velocity
~ cyp = 0.15556 of the ND. The velocities are computed at the midpoint of the fronts where A = %

andS:%.

In Figure 7 the space-time density plot of the BAZ, characterized by the function

AS

(6:5) 2(4,8) = (K4 + A)(Ks+ 8)

for the BM, shows how the reaction zone advances ahead of the fronts but cannot
sustain itself. After the initial transient time, the reaction zone oscillates persistently.

Next, we keep b = 0.02 and study the parameter range Ry = 1.5, 5, 8.5, 12 (Figure
8). The maximum value of M increases from a steady value when Ry = 1.5 to higher
and higher oscillatory values as Ry increases. Notice how the frequency is only weakly
dependent on Ry in the time domain (Figure 8(a)), but because the fronts slow down
at higher Ry, the increased frequency is dramatically evident in the spatial domain
(Figure 8(b)). The period increases approximately linearly with R;. This scaling is
close to that of the exact solution in [19], or 8 =1 in (5.43). The phenomenon that
the larger the Ry the larger the oscillation period can be attributed to the fact that
the A and S fronts have vastly disparate advection velocities and require a longer
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F1G. 5. The solution of the BM, shown at times t = 300 (top), 320, 340, 360, and 380 (bottom,),
with b = 0.02 violate the relazation condition (6.4) and quickly converges to a limit cycle. The solid
curves are for A, the dashed curves are for S, the dot-dashed curves are for M.

time to come together again.

In the second regime we study, Y is large, R; is close to one, and K4 = Kg
are larger than O(A_) = O(S4) = 1. These conditions are consistent with the WKB
analysis (5.28)—(5.35). We observe transient growth in biomass M and eventual sat-
uration. We use the second-order upwind scheme for the A and S equations and the
second-order Runge—Kutta scheme for the M equation. At each time step we find
A and S first, then treat them as coefficients when updating the M. The method is
explicit.

In Figures 9 and 10 Y = 100, K4 = Kg = 10, b = 0.5, v = 3, and Ry = 1.1;
and the initial data for M is M, = 0.4. We illustrate in these two figures that the
biomass growth is a transient phenomenon and it is saturated eventually. Figure 9
shows the profiles of the three components at ¢ = 20 and ¢ = 100. The biomass
grows from M, = 0.4 and attains the maximum near the place where the A and S
overlap. If we view the solutions at ¢ = 20 as a perturbation of that at ¢ = 100,
Figure 9 illustrates that the biomass profile can grow in a transient time period under
perturbation. We see in Figure 10 that the biomass spatial maximum peaks then
asymptotes to a constant.
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7. Appendix.
Proof of Theorem 4.1. Multiplying (4.8) by ®; and integrating over (x,t) to find
J is a shorthand for [, below:

t
/ /<I>t<1>tt — Bue(cg —v(1+ Ry )eo + 0> Ry ®e

/ /WQ )2 P +P(§)P; = —v/ /@t (®e, By — co®e),
/ dt/ CR ”*CO)(CO*”R (I)éJr/ /WQ §)®10¢ + FP(£)9]

t
= —7}/ /@tr((l)g, (I)t — CO@E)7
0
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Reaction Zone

T T T T T T

time

F1G. 7. Space-time density plot of the reaction zone Z(A,S) vs. time, showing persistent oscil-
lations in the three-equation BM. The darker region is where Z(A,S) is above 0.1.

or

t
L0 eo)eo — R )|l + / / Q€ D, + 7 P(€)D?

1
P12 + =
103+ 5

1 1 _ ¢
(7.1) = S 191”13 + 5 (v = co)(eo — vR; [ @73 — v / / (e, B — co®e).
Multiplying ® to (4.8), and integrating over (z,t), we get
t
/ /<I><I>tt + (v(1+ Ry Y) = 200) 0Py
0

it o
+ /0 /(co —v)(eo — ’UR;l)(I)(I)gg +v7Q(§) 2P + P (£) DD,

t
= —/ /U(I)F((I)£7(bt - Co(bg),
0
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F1G. 8. The plots show the the mazimum value of M for the parameter range Ry = 1.5 (solid
line), 5 (dashed line), 8.5 (dot-dashed), and 12 (dotted line). The frequency of the mazimum of M
when b = 0.02 increases from a steady value when Ry = 1.5 to higher and higher oscillatory values
as Ry increases. The upper plot shows that the frequency is only weakly dependent on Ry in the time
domain. In the lower plot, the fronts slow down at higher Ry and the spatial frequency increases

approximately linearly with Ry.

or

/0 % / [q@t + (v(1 4 Ry 1Y) — 2¢0)0®; + %@)@2
— / /@f + (v(1 4 RyY) — 2¢0) @, P
0

t B 1
Jr/o /(v —¢p)(co — val)q)g - §v’yQ (6)®?

t
= —U/ /@F(@&‘bt — Co‘bg),
0
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A-S-M plot: r_f=1.1, gam=3, K_a=10, b=1, Y=100, h=0.1; t=20,100
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Fic. 9. The profiles of the three components S, A, and M are shown at times t = 20 and
t = 100 for the parameters Y = 100, K4 = Kg = 10, b = 0.5, v = 3, and Ry = 1.1. The initial
M = My = 0.4 grows and peaks in the overlap region of the the A and S fronts.

or
/ {@@t + (v(1+ R; 1) — 2¢0)0®; + %@)@2
— /Ot/cbﬁ + (u(1+ R; 1) — 2¢0)®; e
# [ [ - orhet - Jaeiee
= —v/ot/@F(@g,(I)t ~ o)
(7.2) + / {@“))cbﬁo) + (v(1+ RpY) = 2¢0)2 @0l + %@)@(0))2 :

Next, let A be a positive parameter to be chosen. Multiplying (7.2) by A and
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Biomass Max. vs. Time: r_f=1.1, gam=3, K_a=10, b=1, Y=100, h=0.1
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Fic. 10. The spatial mazimum of the biomass for the simulation shown in Figure 9 increases
until t = 30 when it saturates at M = 0.83 and then slowly decays.

adding the resulting expression to (7.1) we get
Lo 1 —1\ 2
§<I>t + 5(1} —co)(co — VR, ) Pg + AP,
—1 A’S/ 2
+ Ao(l+ R, ) — 2¢0) PPc + ?P(f)q)

n / / FP(E)®? + v3Q(E)Bibe + A(v — co)co — vR; 1)@

—)@f—)\(v(l—i—R; ) — 2¢0) P Pe] —)\ﬂ/ /Q

t
= —’U/ /(‘I’t + )\‘I’)F(‘b&, (I)t - Coq)g)
0
(7.3) + col|(@, (7, &) 3.
We select A such that

1 Py
(7.4) 107+ 200, + 7P(g)<1>2 >0,
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1 M
(7.5) Z(u —co)(co — vR;)PZ + A(v(1+ Ry 1) — 2¢0) Pe + %P(g)qﬂ >0,

L pey o MNP _ 3P
(7.6) ST 2 TR = 1

> A,
and

LGP = B+ AQ(E) — Mo(1+ ByY) — 260)] ¢

1 _
(7.7 + ik(v —co)(co — v Iy 1)@2 > 0.

Under (7.4)—(7.7) we have from (7.3)

1 1 1
—||®]|2 + =M P|| P2 + ~
4H tllz + 1 P[5 + 4(

1 ¢ , Lo A
i [ @ [ [ Eapetsjo-a (w4 )02

t
(78) < —v /0 /(étm@)n@g@t—co@a+co||<<1><0>,<1>£°>,<1>§°>>u2.

v = co)(co — vR )| P¢ 3

To ensure (7.4)—(7.7), it is sufficient to impose

(7.9) N < DFPE),

(7.10) A(w(1+ R;1) = 2¢0) < (v —co)(co — vR;l)éﬁP(f),

(7.11)  [3Q(E) = Mv(1 + Ry) = 2¢0)]* < A(v = co)(co — vR; ) (FP(E) = N).
It is easy to satisfy (7.9) and (7.10) by choosing A such that

(7.12) A< min %,(v—co)(co—uz%;l) (7;3) (o(1+ R;Y) —200)2].

For (7.11) we write

Q= (Ry—1)Ag(1l —cov ) +7(R; —1)Sy (1 B coff)

= S
(7.13) = (Ry — 1)*y(AoSy — SoA_) (YR Sy + A_)~!
and
(7.14) P = (Ry — 1)(Ao + Ry7So).
Also
(7.15) (v(1+ R;') — 2¢o) :U(Rffl)w

’7RfS+ + A,
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and

(7.16) (v — co) ( W ) _ 0?8y A (Rp - 1)

R;) Ry (YRpSy+A)?
Thus, (7.11) becomes
2
(W(Rf —1)2(A0S; — SoA_) — ARy — 1)(7S4 — R;lA,))
(A7) < MSyA- (1= By)((Ry — 1)(Ao + RpySo) — M),

Setting A = Ju, we see that 4 scales out of (7.12) and (7.17), and we need only to
satisfy

(7.18) <

||

min(1, (v —¢g)(co — ’UR;l)(U(l + R;l) —2¢0) 7
and

(+(Rs — 12(A0S ~ S34_) — u(By ~ )78~ B*A1))
(7.19) < pySpA-(1 = R (R —1)(Ao + RyySo) — p)-

Using (7.15) and (7.16), we write (7.18) and (7.6) as

(7.20) u< %min[l,R}l(’yS_,_ - RJIlA_)_Q(Rf — 1) yS A,
(v(Ry — 1(A0S, ~ S3A_) — (B ~ )78~ B*AL))
(721) < prSiA_(1— Ry)(P - p).

To analyze (7.20) and (7.21), let us estimate P. Recalling (3.4), we get
P= (UO - Rf’u)()) + Rf('LLO - wo)
- ((1 + Ry~ — 2Rf> wo + (1 + Ry) (” - 1) A
Co Co

= (Ry —1)(vS+ + A_) T (vRy St — A )wy
(7.22) b (L4 Rp)ySeA_).

We find that —A_ < wp <S4 ; therefore, if YRS, > A_, we have
P> (Ry —1)(vSy + A ) (YR Sy — A)(—A_) + (1 + Ry)yS+ A_]

_ Ry —1 2 _ .
(7.23) = 7S T A (A2 +9S+A )= (R —1)A_,

whereas if YRy S, < A_, we have

P> (Ry = 1)(yS4 + A-)H(YRs Sy — A)ySy + (1+ Ry)yS; A-]
(724) = ’}/RfSJr(Rf — 1).

It follows that

(7.25) P>P=(Ry—1)min[yRsS,, A_].
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Therefore, (7.20) is simply
1
(7.26) pu< 3 min[yR ¢S4, A_]min[(Ry — 1), R;l(v&r — R;lA,)*z'ySMéL}.

To ensure (7.21), it is sufficient to have

_ S+ A_
(7.27)  2p(Ry —1)*(ySy — Ry'AL)? < g;f (Rf = 1)(2 — ),
Sy A_
(728)  29%(Ry —1)*(4pS; — oA )? < %(Rf ~1)(2 - p).
Because of (7.20), (7.27) holds if
_ VS A_P
o _plg 2 e +A4-L
20(Ry = 1)(S: — B A < DRt
or if
7’}/S+A,B
[T T
32Ry(Ry — 1)(15; — R, 'A)
TvSLA_
(7.29) Riss min[yR;S;, A7].

T 32R;(7Sy — R, A_)?

Similarly, for (7.28) it is enough to have

TuySLA_(Ry — 1)P
292(Ry — 1)} (A8, — SpA_)? < 2% 16;; 14

or

A_
272 (R — 1)*(ApS; — SoA_)? < TS A min[yR;S, A_],

—  16Ry
which is true if we require
A_
22 (Ry — 1)P(A_S,)? < PISAS RS, A,
16 Ry

or

2 T :
(7.30) (Rf —1)* < ———————min[yR;S4+,A_].

~ 32yRyA_S,
Now it follows from (7.26), (7.29), and (7.30) that

32 YRfA_Sy
7 min[yR;S,, A_]
x min[(Ry — 1), Ry ' (vS4 — RyTA_) 248, A,

(Ry —1)?

1
<< S minfyRySy, A

which is true for a positive number p if

32
7
(7.31) X min[(Ry — 1), R;l('yS’Jr - R;IA,)_st’JrA,].

1, .
(Rf —1)*yRfA_S, < g(mlnhRf5+7A—D2
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Under condition (7.31), we continue to estimate higher derivatives. Differentiating
(4.8) to & gives
(0r — c00¢)* e + v(1+ Ry 1) (0; — coe)(Pe)e
+ PR (Pe)ee + v7QE)(Pe)e + TP (€)(Pe):

(7.32) = —07Qe®P¢ — AP ®, — vl = —oT.
Multiplying (®¢); to (7.32) and integrating over (z,t), we find
1 1 _
(@)l + 5 (v = co)eo = vRI(Pe)ell

v [ [ra@@en@de+are @
@39 = 3ol + 50— w)eo— R KR v [ [T

which is analogous to (7.1). Similarly, multiplying (7.32) by ®¢, we find an identity
like (7.2). Multiplying the latter identity by a positive parameter A and adding the
resulting equation to (7.33) yields

1 A 1 _
1112 tl3 + —BH%II% + (v —co)(co — Ry DllPeell3

A _
// (7P — )\<I>§t+ (v—rco)(co —vR;)®F ¢

) Jee

*/ /(‘I’s,t + A®e) (0T (Pg, Dy — coPe) + vYQ'Pe + FP ;)

0 0 0
+ ol (@, 21, 2LD)|3

’?P”
0 e [ [ e
0
t
e / / Q02— ) / / P'o,d; + oo (@, 012, 00)2
0 0

t
@30 [ [@etr00r@c e~ con)
0

Let us now define N(t) = sup,¢(o, max[||®||z2(7),[|P¢[|1]. There is a positive
number )y, depending on v, ¥, |[(Q", P', P"”)||s, and A, such that (7.34) plus (7.8)
times \; gives

t
+ / (@1, @) |2 (r)dr
t
(7.35) < Cll@L, @), o3 + ¢y / N()[[(®y, Be) |21 (T)dr

where C, Cff > 0, depending only on v, 7, [[(Q’, P', P")| s, A, co, and Ry. It follows
from (7.35) that

t
(7.36) N2(t)+ (1 — CyN(t)) / (@4, @) |21 (7)dr < C([| = + | @ | 1)
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If the initial perturbation is so small that

1

N(0) < VCo(l19 O l= + 128" 1) < 577,
0

then (7.36) implies that N (t) < 5& for all time. Also, ||(®s, ¢)| 1 — 0 as t — +oo.
0
It follows that

lim sup |U(,t)| =0, lim sup |[W(£,t)| = 0.
t—+400 cc g1 t—+o0 (ER?

The asymptotic stability holds under the condition (7.31) or (4.1). The proof is
complete.

8. Summary of results. We have shown that the three-component advection-
reaction bioremediation system (1.1)—(1.3) in the inviscid limit (D = 0) admits unique
smooth traveling waves, which are stable under the explicit relaxation condition (2.17).
Also under this condition, the three-component system in the hyperbolic scaling limit
converges strongly in space and time to a scalar conservation law with piecewise
linear flux. When this condition is violated, the traveling fronts oscillate in time and
the three-component system does not relax in the sense of strong convergence to a
scalar law. We performed both asymptotic analysis and numerical experiments to
substantiate the above findings, also an energy stability analysis on the traveling
fronts of a reduced two-component model in the relaxation regime.
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